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The temperature dependence of the spin diffusion length typically reflects the scattering mech¬ 
anism responsible for spin relaxation. Within non-magnetic metals it is reasonable to expect the 
Elliot-Yafet mechanism to play a role and thus the temperature dependence of the spin diffusion 
length might be inversely proportional to resistivity. In lateral spin valves, measurements have 
found that at low temperatures the spin diffusion length unexpectedly decreases. By measuring the 
transport properties of lateral Py/Cu/Py spin valves, fabricated from Cu with magnetic impurities 
of <1 ppm and ~4 ppm, we extract a spin diffusion length which shows this suppression below 30 K 
only in the presence of the Kondo effect. We have calculated the spin-relaxation rate and isolated 
the contribution from magnetic impurities. We find the spin-flip probability of a magnetic impurity 
to be 34%. Our analysis demonstrates the dominant role of Kondo scattering in spin relaxation, 
even in low concentrations of order 1 ppm, and hence illustrates its importance to the reduction in 
spin diffusion length observed by ourselves and others. 

PACS numbers: 72.25.Ba, 72.15.Qm, 72.25.Rb, 75.76.-l-j 


Spin dependent phenomena underpin the field of spin- 
tronics, where an electron’s spin is used in conjunction 
with its charge to create novel electronics and study spin 
transport. Progress within the field pushes the bound¬ 
aries of solid state physics through applications of pure 
spin currents—a flow of spin angular momentum in the 
absence of a net flow of charge—presenting opportunities 
for information transport without dissipation from Joule 
heating. A thorough understanding of spin accumulation 
and transport effects is vital in real world exploitation of 
spintronics to provide new low power consumption and 
non-volatile technologies [H-Q. 
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which cause a reduction in Xnm below 50 K. The appear¬ 
ance of a thickness dependence of the temperature where 
the maximum spin signal occurs Hj has been attributed 
to the temperature where the electronic mean free path 
is comparable to the thickness, increasing spin flipping 
events through surface scattering. However, experiments 
by Villamor et al. [l^ , performed with two step lithogra¬ 
phy, show no thickness dependence of the peak position 
in Xnm and as a result they introduced the possibility of 
magnetic impurities (Mis) as the origin of the low tem¬ 
perature reduction in Xnm- 


Nonlocal measurements in lateral spin valves (LSVs) 
are ideal for the study of spin transport due to the 

S atial separation of the spin and charge currents [3, 
The structure has been successfully used to mea¬ 
sure spin transp^ort through various metallic and 
semiconducting materials. LSVs consist of two fer¬ 

romagnetic (FM) electrodes bridged by a nonmagnetic 
(NM) nanowire. The nonlocal resistance {Rs) is ex¬ 
tracted for both parallel (P) and antiparallel (AP) con¬ 
figurations of the FM electrodes. The difference between 
P and AP is commonly labeled ARg and is a measure of 
the accumulation and diffusion of spins within the NM. 
It is widely observed that the temperature dependence 
of ARs within Cu/Py LSVs is non-monotonic, with a 
peak around 30 K IlMl5l|. A similar behaviour is found 
in LSVs containing other materials iB- 17|. 


The non-monotonic behaviour of ARg has prompted 
many theories focusing on either chan ges in the spin 
polarisation of the FM/NM interface a 15| or scatter¬ 
ing effects alte ring th e spin diffusion length of the NM 
(Xnm) [ill, III Il,5l4l7l |. Arguments for the peaked be¬ 
haviour of the nonlocal spin signal relating to transport 
in the NM require the addition of surface scattering from 


The reduction of spin accumulation in LSVs fabricated 
through shadow deposition was shown by O’Brien et al. 
to be a consequence of the diffusion of FM material into 
the NM at their interface[Il. Through measurements 
of LSVs fabricated with different FM/NM pairings, the 
reduction in Ai?s is correlated to material combinations 
that exhibit a Kondo effect. The diffusion of FM mate¬ 
rial creates dispersed local moments, decreasing the in¬ 
jection/detection efficiency of the LSVs through Kondo 
scattering. This is suppressed in conventional two step 
lithography, where diffusion is minimised and there is 
no low temperature reduction of a but a qualitatively 
similar temperature dependence of ARg is observed [l8j- 
Within these two step lithography samples the reduction 
in ARg is singularly due to effects suppressing Xnm at 
low temperatures. A pivotal aspect here is the fabrica¬ 
tion of the LSVs, and in particular, whether both FM 
and NM were deposited within the same vacuum cycle. 
These techniques alter the process by which magnetic 
impurities (Mis) enter the structure, either duriM the 
deposition [12, [l5| or through the source material|13|. In 
this Rapid Communication we show direct evidence link¬ 
ing the presence of the Kondo effect to the low tempera- 
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ture reduction in the spin diffusion length and provide a 
semi-quantitative explanation for this. 

LSVs were fabricated on thermally oxidised SiO2(100 
nm)/Si substrates through a double dose electron-beam 
lithography and shadow deposition technique [l^. Both 
materials are deposited in an UHV evaporation system 
at different angles to the substrate. The FM is deposited 
first (Py - Ni 8 oFe 2 o) at 45°, followed by the NM, copper 
(Cu) normal to the substrate. In order to investigate the 
the effect of Mis in spin relaxation, two sets of LSVs have 
been fabricated with different purity Cu. The two source 
materials were 99.99% (four-9s) and 99.9999% (six-9s) 
purity and the resistivity obtained from LSVs with dif¬ 
ferent Cu is shown in Fig. (lie). The lower quality four-9s 
Cu displays a higher resistivity due to the increase disor¬ 
der from impurities. It is also evident from the low tem¬ 
perature data inset Fig. [TJe) that, down to the lowest 
temperature measured of 2 K, only the four-9s samples 
have a resistivity minimum at Tmin = 11 K. A similar 
temperature dependence can be observed in systems with 
localization effects, however, here it is a consequence of 
Mis and Kondo scattering[20j. 

Figure[ljb) is a scanning electron micrograph of a typ¬ 
ical device. The FM electrodes have different widths 
along with a nucleation pad on one electrode to facili¬ 
tate independent switching. The connecting copper wire 
of a four-9s and six-9s LSV has a cross-sectional area of 
(1.36 ±0.0^ and (0.82 ±0.05) x lO-^m^ re¬ 

spectively [2l| . Devices have been fabricated with a wide 
range of separations between FM electrodes L, 400 nm 
to 1800 nm. 

The nonlocal voltage is measured through a direct cur¬ 
rent injection method as a function of applied magnetic 
field. At each applied field value the nonlocal voltage- 
current (NLIV) characteristics are measured and the lin¬ 
ear component is extracted to give 22|. At a large 
positive field, the two Py electrodes are aligned parallel 
(P) and produce a positive nonlocal signal as seen in Fig. 
(TJa). Through decreasing the magnitude of the applied 
field, at the coercivity of the easy electrode, there is a 
switch to a negative nonlocal signal as the magnetisation 
of the two Py electrodes align antiparallel (AP). By fur¬ 
ther increasing the magnitude of the applied field the P 
state is recovered when the coercive field of the second 
Py electrode is reached. The difference in Rg between the 
P and AP states is indicated on Fig. UKa) as /S.Rs. This 
is the nonlocal spin signal and is proportional to the spin 
accumulation within the Cu. By applying the Valet-Fert 
theory to a 1-D LSV geometry, an expression for the 
nonlocal spin signal is obtained: 
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The spin resistances for the FM and NM are defined as 
Rp = ^5^, Rn = where p is the resistivity and A 



FIG. 1. a) The normalised nonlocal spin voltage measured 
at 5 K for a four-9s device with L = 425 nm. The red 
and black curves indicate increasing and decreasing field 
sweeps, b) An SEM image of a lateral spin valve showing 
the nonlocal measurement configuration and direction of ap¬ 
plied field. The false colour indicates Py (blue) and Cu (or¬ 
ange). c) Resistivity data of the Cu spacer within a LSV. 
inset: Ap = p{T) — p{Tmin) at low temperatures highlighting 
the Kondo minimum (black circles - four-9s Cu, blue triangles 
- six-9s Cu). The solid red line is a fit to equation ([2|l . 


the cross-sectional area perpendicular to the spin current 
flow. Aat, Xp and a are the spin diffusion lengths for the 
NM, FM and spin polarisation of the FM/NM interface 
respectively. 

ARg has been measured as a function of temperature 
within a helium flow cryostat. Fig. [2](a) and (c) shows 
the data for different magnetic electrode separations for 
the two different Cu purities. For all samples we observe 
a peak in the spin signal at around 30 K. In order to 
fit ARg as a function of L, it is assumed that Xp oc ap 
and fixed to a value of 5.5 nm at 4.2 K 2^ as similar to 
elsewhere 13. Hsj ]. This leaves Aat and a as free fitting 
parameters. The fits are performed at different temper¬ 
atures (see Fig. [2Kb) and (d)) to obtain temperature 
dependent data on the spin relaxation in Cu. 

Figure ISKa) shows the values for the spin diffusion 
length obtained from fits to equation o at various tem¬ 
peratures. Whilst the values for Xg,,, lie well within the 


range of published values Ill- 3 lE EE i the two Cu pu¬ 


rities show a significantly different temperature depen¬ 
dence. The six-9s purity Cu, in which no resistance 
minimum is observed, displays a monotonic increase and 
plateau at low temperatures within the experimental un¬ 
certainty. In contrast, the four-9s Cu sample set has a 
clearly visible peak around 35 K. This temperature de¬ 
pendence is extremely similar to other reports through¬ 
out the literature [mils, 17 1. 

The values obtained for the spin polarisation of the 
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FIG. 2. Nonlocal spin signal in a) four-9s and c) six-9s LSVs of 
different L values as a function of temperature. A maximum 
is found at around 30 K. b) and d) Shows the decay of ARs 
with L for four-9s and six-9s respectively. The dotted lines 
are fits to equation © 


Cu/Py interface, between 0.4 and 0.3, are similar to those 
calculated for LSVs elsewherefl^ Hsl. Hijl fnot shown - see 
supplementary information). Both sets of LSVs have a 
reduction in a below 70 K due to the intermixing of Py 
and Cu at the interface[l^. 

Through sensitive resistivity measurements, and the 
presence of the Kondo effect [27|, it is possible to detect 
the existence of Mis within a non-magnetic host. Anal¬ 
ysis from the manufacturer shows the most significant 
impurities in the four-9s Cu are Ni and Fe with concen¬ 
trations of 15 and 12 ppm respectively. Since the Kondo 
temperature for Ni impurities in Cu is greater than 1000 
K, no resistance minimum is observed from Ni(^ 
and it is assumed that only Fe impurities contribute to 
this. With this we can use the empirical expression for Fe 
impurities within a Cu host Tmin = 115c^/®' 3[33 to find 
the concentration of Mis to be c = 4 ppm This is lower 
than the source material due to a differential evaporation 
rate of the constituent elements. 

The different contributions to momentum relaxation 
are obtained through fits to the resistivity data. A 
phenomenological model is built upon a combination of 
Bloch-Griineisen and Kondo terms to account for phonon 
(pp) and magnetic impurity (pm) scattering along with a 
constant term for nonmagnetic impurities (pi): 


/ T n5 


P — Pi + Pp + Pm 

f’ X dx 
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where po is the residual resistivity due to non-magnetic 
impurities and defects, K is a material specific constant, 
0£) is the Debye temperature and px is the Kondo re¬ 
sistivity. The fit of equation (©) to the data is shown in 
Fig. HJc) where it accurately reproduces all the features, 
including the Kondo minimum in the four-9s sample set. 
Values for Qp) for high and low purity Cu are extremely 
close, 283.7 ± 0.7 K and 281.1 ± 0.6 K respectively. The 
constant K for the two sample sets are (6.13±0.02) x 10“^ 
Dm and (9.79 ± 0.03) x 10“^ Dm for six-9s and four- 
9s respectively. These values are dependent on the mi¬ 
crostructure but are all in good agreement with those 
reported for Cu elsewhere 31, [^ . The momentum re¬ 


laxation rates are then each evaluated through the free 
electron Drude approximation l/ve = ne^pe/m-e where n 
is the conduction electron density and pe is the resistiv¬ 
ity for the individual scattering contributions shown in 
equation (I2a1) . 

The spin diffusion length can be defined as As = 
^DTsf where D is the diffusion coefficient and Ts/ the 
spin-flip scattering rate. Using the Einstein relation 
e^ND = cr where N is the density of states at the Fermi 
energy and a is the electrical conductivity, we obtain D. 
Assuming a free electron model we take N = 1.8x10^® 
states /eVm®[^ and the spin-flip scattering time is calcu¬ 
lated as shown in Fig. [31(b) and (c). Within nonmagnetic 
metals the spin relaxation can be described through the 
Elliot-Yafet 34, ^ mechanism which, due to spin-orbit 
coupling, links the momentum and spin relaxation times 
1 /ts/ = e/Te, where e is the probability of a spin-flip 
occurring at a momentum scattering event. From fits 
to the low temperature resistivity data we characterise 
the magnitude of the momentum relaxation rate due to 
Kondo scattering from Mis. This is present at all tem¬ 
peratures where the Mis maintain their moment, which 
can be up to room temperature (^ . It has been shown 
that the spin-relaxation rate from Mis is proportional 
to their contribution to the momentum relaxation rate 
in a similar manner to the Elliot-Yafet mechanism . 
Through applying Matthiessen’s rule an expression for 
the total spin-flip scattering rate in terms of the individ¬ 
ual momentum scattering rates and spin-flip probabilities 
is obtained as: 
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where the labels i, p and m represent non-magnetic im¬ 
purities/defects, phonons and Mis. 

Samples fabricated with six-9s Cu do not show, within 
the experimental accuracy, a resistivity minimum and so 
is assumed to be zero. A standard E-Y mech¬ 
anism of spin relaxation through phonon and impurity 
scattering is used to fit Ts/ and reproduces the data 
well, shown in Eig. ISc). Values for the spin-flip prob¬ 
ability for phonon and nonmagnetic impurities of Cp = 
(16.9±0.5)xl0“"^ and Ci = (17.2±0.1)xl0“^ respectively 
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are in good agreement with those found in other LSV 
experiments ullll. 

The lower purity four-9s Ts / is not reproduced via only 
phonon and impurity scattering but requires the addition 
of Kondo spin relaxation which provides excellent agree¬ 
ment with the data, see Fig. [3] (b). Values for the spin- 
hip probability for phonon and nonmagnetic impurities 
of Cp = (8.1±0.5)x 10-4 and = (13.5±0.2)xl0-4 re¬ 
spectively are obtained. The spin-hip probability for Mis 
within Cu is obtained from the ht as = 0.34 ± 0.03, 
a value considerably larger than other contributors. An 
analytical expression for this can be obtained as 37| : 



T (K) T (K) 


S{S + 1)\ 

(r 


1 + S{S + 1)(^ 



( 4 ) 


where S is the spin of the MI, V is the spin indepen¬ 
dent scattering potential and J the exchange coupling 
constant between the impurity and conduction electrons. 
The exchange coupling constant for Fe impurities in Cu 
has been previously been calculated as JcuFe = 0.9I±0.2 
eV [s^. From studies on CuMn dilute alloys a value of 
J/V = 0.133(13 is used with JcuMn = 0.4±0.I eVUll, 
and maintaining an equal impurity perturbation poten¬ 
tial V, provides a ratio J/V = 0.30 for Fe impurities in 
Cu. Finally assuming for Fe^"*" impurities S=5/2, we 
obtain a value for of 0.29 in reasonable agreement 
with our result. Conventional spin-hip scattering in Cu 
is a consequence of the spin-orbit interaction, which can 
be parameterised through the coupling constant A ~ 0.2 
eV[^,l^. However, Kondo scattering is a result of the s- 
d exchange interaction between the conduction electrons 
and the MI, which for Fe in Cu is J = 0.91 eV. The differ¬ 
ence in the relative energy scales determines the strength 
of the spin hip scattering and accounts for the enhance¬ 
ment seen in Kondo scattering. It is this large spin-hip 
probability for Mis which makes them a dominant con¬ 
tribution to Xcu even at temperatures above which their 
role is observed in the resistivity. LSVs fabricated with 
high purity Cu, with no observed Kondo effect, show no 
downturn within Xqu at low temperatures, further sup¬ 
porting the role of Kondo scattering in spin relaxation 
within LSVs. 

The small impurity concentration of 4 ppm within the 
four-9s LSVs demonstrates a significant increase in spin 
relaxation at low temperatures. However this suppres¬ 
sion of Xcu is also measured in other studies where the 
Kondo minimum within the resistivity is not reported. 
To test the gene rality of our approach we repeat the anal¬ 
ysis within [l3j with the addition of a magnetic spin re¬ 
laxation term and using our value of Cm = 0.34. From 
this we are able to obtain a value for the Kondo resistiv¬ 
ity Pk leading to a Mis concentration of approximately 


FIG. 3. a) Spin diffusion length (black circles - four-9s Cu, 
blue triangles - six-9s Cu) as a function of temperature. The 
values are obtained by fitting Eq. [T] to all electrode sepa¬ 
rations for each sample set. b) Spin flip scattering time for 
four-9s Cu as a function of temperature. Solid red line is a fit 
to equation ®. c) Spin-flip scattering time for six-9s Cu as a 
function of temperature. The solid red line is a fit to equation 
(|3]) assuming = 0 


0.9 ppm through the relationship 


Pk = c(^l -I- 


3zJn 3TTmJ^S{S + 1) 


£F ) 


2ne‘^h£f 
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where z is the number of conduction electrons per atom 
and £f is the Fermi energy taken to be 1 and 7 eV re¬ 
spectively for Cu. This very small amount can clearly be 
seen as a significant contribution to the spin relaxation 
but is on the limit of where a Kondo minimum within the 
resistivity would be observed, with a predicted Tmin ~ 8 
K and below the data reported in reference [l^ . 

From temperature dependent measurements of the 
spin current within LSVs of different purity Cu, the 
contributions to momentum relaxation from impu¬ 
rities, phonons and the Kondo effect are isolated. 
These have been related to the spin relaxation rates 
through an Elliot-Yaffet like model in combination with 
Matthiessen’s rule. The observed values for spin-flip 
probabilities for phonon and non-magnetic impurities 
agree with those published for LSVs elsewhere. We show 
that even extremely small magnetic impurity concentra¬ 
tions can cause a significant reduction in the spin diffu¬ 
sion length at low temperatures due to the large prob¬ 
ability of a spin-flip event with Kondo scattering. Our 
extension to include Mis accurately reproduces the spin 
relaxation in this low temperature regime providing a 
semi-quantitive method for analysis of the effect of Mis 
on pure spin currents and well describes a common fea¬ 
ture seen throughout the literature. 
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